This paper aims to develop a cost-efficient simulation method for droplet atomization in wet electrostatic precipitator. Under the combined effects of multiple nozzles, the computational particle-fluid dynamics (CPFD) method was employed to simulate the atomization process, because it can settle complex particle flow problems with a small number of grids. Specifically, the droplet pattern, flue gas speed distribution and flue gas pressure distribution in the precipitator were investigated at the inlet gas speeds of 1m/s, 2m/s and 3.5m/s. It is found that the droplet ejection changes the flow of the flue gas; the low inlet speed facilitates the formation of the liquid film; the greater the inlet speed, the closer the peak position of flue gas speed moves towards the top. The results shed new light on the optimization of wet-process electric dedusting.
INTRODUCTION
In recent years, fine dust pollutants have raised concerns due to the frequent hazy weather in China. Power plants across the country are resorting to various techniques to reduce fine dust emissions. One of the relatively effective technique is to utilize the wet electrostatic precipitator [1, 2] . Compared to ordinary electrostatic precipitator, the wet electrostatic precipitator does well in reducing pollutants like acid mist, fine dust and heavy metals [3, 4] . The excellent performance is attributable to the combination between fine droplets and pollutants during the formation of the water film, which makes it easier to remove the pollutants. This means the trace of fine droplets directly bears on the pollutant removal efficiency.
Nevertheless, the size of atomized droplets in the wet electrostatic precipitator are so small that it is hard to test their flow process [5~7] . Thus, there are only a few reports on the behaviour of atomized droplets. For example, Xu Licheng and Sun Heping [8] described the dust removal by spray with the theory of cloud condensation nuclei, pointing out that the optimal removal effect appears when the atomized droplets share the same size with dusts. Zhu Jinlin [9] [10] [11] simulated the two-nozzle spray process by computational fluid dynamics (CFD), aiming to disclose the impact of nozzle structure on the removal effect. Wu Geping [12] numerically analysed the secondary atomization when two droplets collide near the nozzle. Focusing on atomized spray pressure, Ji Hong [13] discussed the effect of initial injection angle on the atomization performance. Selvam R.P., Lin L. and Ponnappan R. [14] explored the boiling spray atomization process through continuous phase and discrete phase coupling calculation.
In spite of the valuable findings, all of the above studies require extremely expensive lab equipment. To solve the problem, this paper examines the flue gas emission in Tianjin SDIC Jinneng Electric Power Co., Ltd., and probes deep into the wet-process electric dedusting transformation based on the numerical calculation platform of Northeast Electric Power University. Under the combined effects of multiple nozzles, the computational particle-fluid dynamics (CPFD) method was employed to simulate the atomization process. The simulation results reveal the movement of atomized droplets inside the wet electrostatic precipitator at different inlet flue gas speeds.
METHODOLOGY
Facing the two-phase flow problem [15] , the traditional CFD method [16] cannot handle the large number of particles well. By contrast, the CPFD approach can solve this problem rapidly and with good convergence.
As a numerical strategy, the CPFD [17] offers a EulerLagrange coupling solution to the 3D motion of particles in the fluid. This strategy is more efficient than other multiphase flow numerical methods, thanks to its unique concept of particle group (i.e. the group of particles with similar features). In the flow field, the particle groups collide with each other under the gravity, friction and particle forces. In the CPFD, there are separate control equations for gas phase motion and particle phase motion. The equations for gas phase motion can be expressed as [18] [19] [20] :
where θg is the ratio of the volume occupied by the gas phase; ρg, vg, τg , Sg, P and g are the material density, the gas speed, the gas stress tensor, the gas source, the air pressure and the acceleration of gravity, respectively; F is the viscous force between the two phases:
where μg is the dynamic viscosity of gas; rp is the particle radius; vp is the particle phase speed; ρp is the particle phase density; f is the probability distribution function.
The drag force was depicted by the Wen-Yu-Ergun model, which was developed from Wen-Yu model and Ergun model through linear transformation. Hence, fb can be determined by the drag coefficient: where θcp is the particle state in a compacted volume fraction; fw and fs are obtained from Wen-Yu model and Ergun model, respectively.
To calculate the particle collision, the normal stress of particles can be expressed as:
where Ps is a positive constant; γ is the singular point elimination coefficient. The value of the coefficient is small and falls in the range of [1.2, 5].
OBJECT CONSTRUCTION
In the wet electrostatic precipitator, the charged particles are generated by negative high-voltage corona discharge. Then, the dusts of flue gas are charged through collision with these particles. The charged dusts will rush towards the collecting electrode and get trapped under the air flow and electric field. Meanwhile, a film is formed on the dust collecting plate in the atomizer system, so that the dusts can flow with water under the action of gravity. Finally, the sewage will enter the circulation system or the sewage treatment system through the sewage outlets. The main structure of the wet electrostatic precipitator is illustrated in Figure 1 .
The primary goal of our research is to identify the movement pattern of droplets in the dust collector at different inlet wind speeds. However, it is difficult to calculate the charge quantity of droplets, for many droplets are polymerized during the movement after atomization. For simplification, the charge effect of the electric field on the droplet was neglected, that is, the droplets were assumed to be immune from the electric field force.
The size of the test equipment was determined based on a real wet electrostatic precipitator. The fluid domain between two rows of dust collecting plates was taken as a computing unit, with the aim to lower the computing load. Each computing unit is 9.6m long, 6m tall, 0.455m away from each side of the collection plate, and 0.5m away from the glass baffle on each side of the test bench. The inlet pressure and nozzle speed were set to 95,700Pa and 25m/s, respectively, and the total mass flow rate to 0.1kg/s. After atomization, the droplets are extremely small, making it difficult for them to fall off after leaving the nozzle. That is why the particle group method of the CPFD was adopted to polymerize these fine droplets. In our research, the particle size distribution is selected according to nozzle atomization. Considering the features of the atomizing noddle, the cumulative volume distribution curve was drawn to describe the droplet size distribution during the atomization process [21] . The curve reflects the ratio of the amount/volume occupied by the droplets of a certain diameter. The CPFD method can also enhance the efficiency of computing the complex motion of spray droplets in the wet electrostatic precipitator. By the CPDF method, the computing domain was meshed into a number of orthogonal grids. Each grid is a virtual rectangle. The grids at the boundaries were fitted to the irregular edges of the computing domain. Figure 5 presents the droplet motion in the precipitator at different flue gas inlet speeds (1m/s, 2m/s and 3.5m/s) at the fifth second. It can be seen that the droplet pattern hinges directly on the inlet speed of flue gas, and a blank are appeared at the outlet. At the inlet speed of 1m/s, the drops could easily gather near the collecting plate, leaving a large blank area. With the increase in the inlet speed, the droplet on the plate grew larger, and the blank area got smaller. This is because the flow direction and speed changed, as the gas receives the kinetic energy of ejected droplets. Moreover, the initial kinetic energy of the gas varied with the inlet speeds. The speed of droplets dropped sharply once they hit the collecting plate. Thus, the influence of flue gas is positively correlated with the distance along the y-axis. Figure 7 shows the volume fraction of droplets at different positions in the flow field and different inlet speeds. Under the constant x-coordinate, the droplet concentration had basically the same value and trend at different inlet speeds and the ycoordinate of 0.5. The 20 peaks in the figure corresponded with the 20 nozzles, indicating that the droplets at this height do not diffuse due to the high kinetic energy. In this case, the droplet speed plays a dominant role. Whichever the height, the smaller the inlet speed, the faster the droplet volume faction dropped to zero in the x-direction. In other words, the inlet speed is negatively correlated with the area of zero droplet volume fraction. In addition, the droplet volume fraction near the inlet at the inlet speed of 3m/s was higher than that at the other two conditions. The reason is that the blank area shrinks at higher inlet speeds. The result is consistent with that of Figure 6 . The droplet speed component along the x-axis was plotted with the flow direction of flue gas as the positive direction (Figure 8 ). It can be seen that the droplets leaving the nozzle may or may not move along the positive direction. The positive and negative speed components are symmetrical with respect to zero. When the droplets were far from the nozzle, the speed component of some droplets turned negative along the x-axis. In this case, these droplets moved towards the reverse direction, creating a circumfluence area in the flow field. This area is marked in red in Figure 8 . Obviously, the size of the circumfluence area is negatively correlated with the inlet speed. Figure 9 is records the flue gas speed distribution and speed vectors at different inlet speeds at the 5 th second. When the flue gas flows into the precipitator, the direction of the gas shifted and the speed increased drastically under the injection effect. The peak speed of the flue gas appeared near the bottom of the outlet, because the gas received kinetic energy from the atomized droplets sprayed out of the nozzle. Similar to Figure  8 , reflux occurred near the top of the outlet, which drove the droplets away, after the flue gas hit the boundary of the circumfluence area. This explains the origin of the blank areas in Figures 5 and 6 . Besides, it is observed that the area of positive speed is positively with the inlet speed.
Droplet distribution
The above analysis shows obvious changes to the speed in the horizontal direction. Next, the gas speeds in this direction were compared at six different heights along the y-axis ( Figure  10 ).
As can be seen from Figure 10 , the gas speeds changed in a similar pattern at different inlet speeds. For the heights of 0.5m and 1.5m, the flue gas speeds first declined and then increased at different inlet speeds; the speeds reached the lowest point after the gas entered the blank area, and then exhibited a rapid increase. The flue gas speed at the outlet of the blank area is negatively correlated with the inlet speed. Coupled with Figure  9 , the negative correlation can be explained by the following factors: the gas speed points to the opposite direction of the flow, the reflux is reformed in the blank area, and the gas receives the kinetic energy from spray nozzles. Similar results were obtained for the height of 2.5m and the inlet speeds of 1m/s and 2m/s. When the inlet speed was 3.5m/s at the height of 2.5m, the gas was still affected by the reflux despite the absence of the blank area; in this case, the gas speed also dropped before rising, and the flue gas outlet speed was faster than it was at the inlet speeds of 1m/s and 2m/s. For the other heights, the gas speed increased markedly as the gas moved closer to the bottom of the outlet, and peaked at the outlet bottom. Figure 11 . Static pressures at different heights and inlet speeds Figure 11 presents the static pressures at three heights and different inlet speeds. For the same height, the pressure is positively correlated with the inlet speed; the pressure obeys the same distribution at different inlet speeds; the pressure decreased along the x-direction. For the same inlet speed, the pressure increased with the height, because the gas along the y-axis was accelerated by the high-speed atomized droplets. Thus, the flue gas pressure decreased as the gas moved closer to the nozzles. The inverse is also true.
CONCLUSION
Based on the CPFD method, this paper simulates the droplet motion in the wet electrostatic precipitator at different inlet gas speeds. The features of the two-phase flow in the precipitator were discussed, including droplet pattern, flue gas speed distribution and flue gas pressure distribution. The main conclusions are as follows.
First, the droplet ejection changes the flow of the flue gas. The high-speed droplets from the nozzle speed up the flue gas at the outlet, and create a flue gas circumfluence area near the top of the outlet. Once the droplets move to another direction, a blank area will come into being. The size of the blank area is negatively correlated with the inlet speed.
Second, compared to high inlet speed, the low inlet speed polymerizes the droplets near the collecting plate, increases the droplet volume fraction, and facilitates the formation of the liquid film.
Third, the circumfluence area near the outlet at the inlet speed of 1m/s is larger than that at 2m/s or 3.5m/s. Meanwhile, the flue gas speed along the x-direction increases with the inlet speed and peaks at the bottom of the outlet. The greater the inlet speed, the closer the peak position of flue gas speed moves towards the top. 
